In order to evaluate genetic variation between rabbit haemorrhagic disease virus (RHDV) isolates and to derive phylogenetic relationships, 56 virus isolates collected from various parts of France over a 7 year period (1988 to 1995) were examined. Analyses were carried out by direct nucleotide sequencing of PCR fragments of three genomic regions encoding the capsid protein (VP60) (regions A and B) and a non-structural protein (region C). Multiple sequence alignments revealed maximum nucleotide divergence of 7n6, 9n4 and 8n7 % for regions A, B and C, respectively, indicating a high level of conservation between isolates. Irrespective of the genomic region analysed, phylogenetic analyses carried out using various methods allowed the identification of three genogroups ; distribution of isolates within these genogroups appears to be more related to the year of their collection than to their geographical origin. The possible evolution of RHDV is discussed.
In order to evaluate genetic variation between rabbit haemorrhagic disease virus (RHDV) isolates and to derive phylogenetic relationships, 56 virus isolates collected from various parts of France over a 7 year period (1988 to 1995) were examined. Analyses were carried out by direct nucleotide sequencing of PCR fragments of three genomic regions encoding the capsid protein (VP60) (regions A and B) and a non-structural protein (region C). Multiple sequence alignments revealed maximum nucleotide divergence of 7n6, 9n4 and 8n7 % for regions A, B and C, respectively, indicating a high level of conservation between isolates. Irrespective of the genomic region analysed, phylogenetic analyses carried out using various methods allowed the identification of three genogroups ; distribution of isolates within these genogroups appears to be more related to the year of their collection than to their geographical origin. The possible evolution of RHDV is discussed.
Rabbit haemorrhagic disease (RHD) is a highly contagious and fatal viral disease of both domestic and wild rabbits. The disease is characterized by a short incubation period (24 to 48 h) and a high rate of mortality (60 to 90 %). Only young animals (less than 2 months old) remain unaffected.
RHD was first described in China in 1984 (Liu et al., 1984) and then in Korea following rabbit fur importation from China. Subsequently, the virus has spread from Asia to continental European countries and by 1989 the virus was widespread throughout Europe (Morisse et al., 1991) . RHD was also described in Mexico in 1988 (Gregg & House, 1989) , in the Reunion Islands and in Tunisia in 1989 (Morisse et al., 1991 ;  Author for correspondence : Ghislaine Le Gall.
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e-mail Ghislaine.LEGALL.CNEVA!zoopole.asso.fr Bouslama et al., 1996) . The most recent RHD outbreaks have been reported in Cyprus in 1996 and the previous year in Scotland and Ireland (Patterson & Howie, 1995 ; Collery et al., 1995) .
Rabbit haemorrhagic disease virus (RHDV) is a member of the family Caliciviridae, which includes caliciviruses affecting animals, e.g. vesicular exanthema virus of swine, San Miguel sealion virus, feline calicivirus and European brown hare syndrome virus (EBHSV), as well as caliciviruses responsible for diarrhoea in humans, e.g. ' classical ' human caliciviruses and small round structured viruses. Viral particles contain a singlestranded polyadenylated RNA genome of 7437 nt and a subgenomic RNA (2n2 kb) which is collinear to the 3h end of the virus genome (Meyers et al., 1991) . Two open reading frames (ORF) have been identified ; the longest one encodes a polyprotein which produces several non-structural proteins including a helicase, a protease, a polymerase and the capsid protein (VP60) at its C terminus after proteolytic cleavage. The second ORF, located at the 3h end of the genome, encodes a structural protein of 117 amino acids (Wirblich et al., 1996) .
Apart from the recent description of a non-pathogenic RHDV strain called RCV (Capucci et al., 1996) , all characterized RHDV strains are highly pathogenic for rabbits. To date, a single serotype should exist within RHDV strains. In order to ensure the protective activity of vaccines and to develop appropriate diagnostic tests, determination of the molecular divergence of RHDV isolates is of major interest. Recently, a phylogenetic study has been carried out utilizing the capsid protein sequences of different isolates collected in 17 countries (Nowotny et al., 1997) . To extend this study, 56 French isolates originating from 13 different geographical regions and collected over a period of 7 years were analysed. Three gene fragments were selected to be amplified by RT-PCR and directly sequenced. Two of these regions were within the capsid protein gene, which might be subjected to mutations because of immunological selective pressures, whereas the third region was taken from genes encoding the non-structural proteins, presumably reflecting the natural evolution of the genome and excluding the influence of any potential host immune selection. Thus, phylogenetic analyses of these Fig. 1 . Characteristics of the sequenced RHDV field isolates and location of the different French regions in which these isolates were recovered. The two first digits of the identification number correspond to the year of isolation and the last one corresponds to the collection order during the year. Identification numbers of RHDV isolated from domestic rabbits are in bold type whereas those isolated from wild rabbits are in italics. sequences should allow us to study the evolution of the genome.
All samples collected over the 7 year period consisted of livers from dead rabbits in which the presence of RHDV was previously determined by a capture ELISA (Fig. 1) . Because of the inability to cultivate RHDV in cell culture, viral particles were directly purified from infected liver suspensions. The steps from viral RNA extraction to PCR were conducted as described by Vende et al. (1995) . Three genomic regions of approximately 500 nt were amplified by PCR (Fig. 2) ; the first one was located at the 5h end of the gene encoding the capsid protein (region A) whereas the second one covered its 3h end (region B). The third region was located within a gene encoding a non-structural protein (region C) between the genes encoding the helicase and the VPg protein. The primer sets and their positions, numbered according to the RHDV-SD sequence (Rasschaert et al., 1994) , were as follows (M13 universal primer sequences are underlined) : p33, 5h ACA TGTAAAACGACGGCCAGTCCACCACCAACACTTCA GGT 3h (6473-6492) ; p34, 5h CTGCAGGAAACAGC-TATGACCCAGGTTGAACACGAGTGTGC 3h (6992-7011) ; p27, 5h ACATGTAAAACGACGGCCAGTCTCGG-TAGTACCTGACGACG 3h (5271-5290) ; p28, 5h CTG-CAGGAAACAGCTATGACCGGGACGCAAGTCTGGCATGG3h (5810-5829) ; p29, 5h ACATGTAAAACGACG-GCCAGTGTTCACATATCGAGGGCGAG 3h (2302-2321) ; and p30, 5h CTGCAGGAAACAGCTATGACCGACAGG-GTCCCTTGAGTACC 3h (2774-2793). After purification, PCR products were sequenced with the AmpliTaq Dye Primer Cycle Sequencing kit (Applied Biosystems). Each PCR product was sequenced in both directions (Vende et al., 1995) .
Multiple sequence alignments were carried out with the PILEUP program (Genetic Computer Group, Madison, WI, USA) and phylogenetic analyses were performed using the programs included in the Phylogenetic interference package (PHYLIP) (Felsenstein, 1993) . Several tree construction procedures were applied to the data : (i) the DNAPARS program, based on the principle of maximum parsimony ; and (ii) the phenetic method in which distances between pairs of sequences were estimated using DNADist. The phylogenetic trees were then constructed using UPGMA and neighbour-joining methods. The third procedure (iii) made use of the maximum likelihood analysis method (DNA-ml or DNA-mlk). With the exception of procedure (iii), these methods were used in combination with the BOOTSTRAP procedure (500 replicates), a statistical method which enables the reliability of the phylogenetic trees obtained to be checked. The majority-rule consensus tree was determined by the CONSENSE program and trees were plotted using DRAWGRAM. Because EBHSV is the calicivirus most related to RHDV, sequence data for this virus (Le Gall et al., 1996) were used as an outgroup for the phylogenetic analyses.
Amplification of regions A, B and C from 56 French isolates and from one English isolate yielded products of 581, 601 and 534 bp, respectively. After sequencing of these products, sequences were shortened from primers and ambiguous nucleotides before being aligned. Consequently, sequences for analysis were 497, 467 and 455 nt long for regions A, B and C, respectively.
These nucleotide sequences were aligned with five published sequences of RHDV from Czechoslovakia (87-CZ), Italy (89-IT), France (89-SD), Germany (89-GE) and Spain (89-SP) (accession numbers U54983, X87607, Z29514, P27410, Z49271, respectively). The sequence of the RCV strain (accession number X96868) was also included during analysis of regions A and B. The maximum nucleotide divergence between virulent RHDV strains were 7n6 , 9n4 and 8n7 % for regions A, B and C, respectively. Compared to virulent RHDV isolates, RCV displayed 16n1 to 18n2 % and 12 to 14 % nucleotide divergence for regions A and B, respectively. Of the nucleotide changes, 87 % were transitions and no gap was observed. For regions B and C, nucleotide substitutions were homogeneously scattered throughout the sequences whereas, in region A, substitutions were preferentially clustered at the 5h end. In each amplified genomic region, most of the nucleotide changes were shared by several isolates. Thus, regions A, B and C displayed 17, 32 and 24 characteristic nucleotide changes, respectively ; of these, only one resulted in amino acid changes for region B and two for each of A and C. According to these characteristic changes, three genogroups were defined ; each genogroup included the same isolates regardless of which genomic region was analysed.
Following multiple alignment, nucleotide sequences corresponding to the capsid and the non-structural proteins were subjected to phylogenetic analyses. Firstly, phylogenetic trees were constructed for each genomic region (A, B and C) by the UPGMA method. When the RCV sequence was included in these analyses, the resulting tree clearly separated RCV both from other RHDV isolates and from EBHSV (data not shown). Of the virulent RHDV isolates, three major groups were identified irrespective of the genomic region analysed (Fig.  3 a, b and c) . These phylogenetic groups corresponded to those previously described according to sequence alignment data. Phylogenetic relationships were further assessed by the maximum parsimony and maximum likelihood methods. The resulting trees showed similar major groups but differences were observed within the subsequent clusters (data not shown).
To obtain the tree reflecting the best phylogenetic relationships of RHDV, the three sets of sequences (regions A, B and C) of the 62 isolates examined were combined into a single set (region D) before analysis. The resulting data, 1419 nt sequence, corresponded to one-fifth of the RHDV genome. This compilation was made possible because of the similar isolate grouping obtained from each set of sequences. As before, region D was subjected to the different phylogenetic analysis methods described above. According to the UPGMA method, three major groups highly supported by the bootstrap resampling method (100 % for all of them) were identified (Fig.  3 d) . The first group (G1) consisted of 22 isolates mainly collected from 1989 to 1990 including the Spanish isolate. These isolates could be divided into two major subgroups according to their geographical origin with the exception of the isolate 93-2, collected in the south of France in 1993, which formed a monophylogenetic branch that separated first. The other 40 isolates fell into two subdivisions : in 100 % of the constructed trees, the first branch contained isolates collected at the time of the first description of RHD in Bretagne together with the Czechoslovakian and German isolates dating from 1987 and 1989, respectively (group G2). The second branch (group G3) formed the largest group ; two different lineages were revealed in this group. The most recent samples (from 1993 to 1995) were grouped together and separated first (lineage G3-1). Within G3-1, the virus strain isolated in the UK appeared to be closely related to a virus strain collected a few months later in Basse Normandie (north-west of France), whereas the Italian strain of 1989 was grouped with two isolates taken in 1994 that originated from the south and north-east of France. The last lineage (G3-2) encompassed mainly isolates taken from 1990 to 1992. Despite low bootstrap values within this group, trends seemed to emerge, as indicated by the grouping of isolates collected in the south of France and those collected in the west of France. Only phylogenetic analyses carried out using UPGMA are described in this paper. However, trees constructed by maximum parsimony and maximum likelihood methods were set up and yielded similar topologies. Nucleotide sequence comparisons of the three RHDV genome regions analysed revealed a low rate of change between the virulent isolates collected over the 7 year period. The low extent of variation is similar in sequences encoding either non-structural or structural proteins, which is not consistent with the hypothesis of variation induced by immunological pressure on the capsid protein gene. These results would rather suggest a co-evolution of these proteins. In fact, because of the small size of the virus genome, all the encoded proteins have to interact with each other and are essential for the virus. Consequently, significant genomic variations are probably not acceptable within these proteins. On the other hand, infection with virulent RHDV results in an acute disease, characterized by a high rate of mortality within 2 to 3 days post-infection. It is therefore possible that the duration of the disease is not sufficient to allow the selection of viable mutants, which could explain the genetic microheterogeneity observed within RHDV sequences. Consequently, because of the low genomic variation within RHDV isolates, vaccination should provide effective protection against RHDV isolates co-circulating in France to date.
The two genomic regions B and A encode the N-and Cterminal parts of VP60, respectively ; the N-terminal region is found in the internal core of the virion, whereas the C-terminal region, exposed on the surface, would be responsible of the antigenic variability (Capucci et al., 1995) . Consequently, the low rate of amino acid changes observed within region A is consistent with the existence of a single RHDV serotype at the present time. Moreover, in region A, most of the nucleotide changes are clustered at the 5h end which corresponds to the last 33 amino acids of region E previously described by Neill (1992) . Similarly, when EBHSV and RHDV capsid sequences were compared, maximum divergence was also observed in this genomic domain. According to Neill (1992) , region E is the most divergent among the six delimited regions within the capsid protein of animal caliciviruses.
Despite the low diversity of non-structural and capsid protein genes, the 62 isolates can nevertheless be grouped into three major genogroups whichever phylogenetic method is used for analysis. Distribution of isolates in these three genogroups seems more related to the year of their collection than to their geographical location, as shown by the presence of samples collected in Auvergne and in Bretagne in each of these genogroups. On the other hand, isolates are preferentially clustered according to their geographical origin within the genogroups. However, because analyses were conducted only with isolates available in the laboratory, resulting data can be distorted by resampling bias. In fact, most of our data are from isolates collected in two geographical regions (Auvergne and Bretagne) whereas data from the other French regions are limited.
No discrimination could be observed between RHDV isolates selected from domestic or wild rabbits, which are both highly susceptible to the virus. This fact could be related to direct transmission of the disease between rabbiteries by wild rabbits which provides a mixing of virus strains within rabbit populations.
Referring to our data, dissemination of RHDV over relatively long distances seems extremely rapid. In fact, RHD was described first in the east of France in July 1988 and some months later, more than 1000 km away, in the west and subsequently in the south of France. This rapid spread is reflected by the grouping of Czechoslovakian and German isolates from 1987 and 1988 together with French isolates collected during 1988 and 1989 in Bretagne. This grouping could be related to rabbit importation suggesting that these cases could belong to the same outbreak. Similarly, as RHDV reached the English Channel coast for the first time in 1989 (Chasey & Trout, 1995) , the grouping of the English strain isolated in 1992 with a French one isolated a few months later on the west coast is consistent with transmission of the disease between continental Europe and the UK. A similar observation was made with two isolates collected in 1990 and 1995 in Corsica, an island located 200 km off the south of France ; these isolates belong to different genogroups. The presence in genogroup G3 of a Corsican isolate from 1995 together with isolates collected in the south of France during 1994 seems to indicate that the same epizootic was present on the island and on the continent. More recently, when experimental field trials with RHDV were carried out on rabbits, diffusion of the virus from Warlang Island to the Australian continent in a few weeks also illustrates the rapid dissemination of RHDV across the sea. Although no specific transmission routes have been determined, aerosol directly across the sea, birds, ferry traffic, the rabbit trade or human intervention seem possible ways for the rapid spread of the disease within susceptible rabbit populations.
According to phylogenetic analyses, three genogroups corresponding to defined genetic populations were present in France at the beginning of the disease outbreak, as indicated by the distribution of the isolates within these groups. This grouping reflects the similar evolution of genogroups G1 and G2. In fact, these data indicate a disappearance of viruses belonging to these genogroups as a consequence of the dramatic dying out of susceptible rabbits after huge outbreaks. Nevertheless, the presence in genogroup G1 of a 1993 isolate indicates that this virus population still persists in the field. Since the end of 1990, genogroup G3 has spread in comparison with the other genogroups and, as indicated by the appearance of the G3-1 subgroup, a new genogroup has emerged and is still present in the field, showing that an equilibrium might be reached between the virus strain and its host. A similar situation might emerge in a few years in Australia, where RHDV was introduced at the end of 1995 following experimental trials with the CAPM V-351 Czech Republic strain. As RHD did not exist in Australia when this well-characterized strain was introduced, it will be of major interest to follow the evolution of rabbit calicivirus within a large rabbit population where virus evolution might not be affected by vaccination pressure.
